is an acute-phase protein that enhances the responsiveness of immune cells to LPS by virtue of its capacity to transfer LPS to CD14. To determine the role of LBP in the innate immune response to peritonitis, LBP gene-deficient (LBP ؊/؊ ) and normal wild-type mice were intraperitoneally infected with Escherichia coli, the most common causative pathogen of this disease. LBP was detected at low concentrations in peritoneal fluid of healthy wild-type mice, and the local LBP levels increased rapidly upon induction of peritonitis. LBP ؊/؊ mice were highly susceptible to E. coli peritonitis, as indicated by accelerated mortality, earlier bacterial dissemination to the blood, impaired bacterial clearance in the peritoneal cavity, and more severe remote organ damage. LBP ؊/؊ mice displayed diminished early tumor necrosis factor alpha, interleukin-6, cytokine-induced neutrophil chemoattractant, and macrophage inflammatory protein 2 production and attenuated recruitment of polymorphonuclear leukocytes to the site of infection, indicating that acute inflammation was promoted by LBP. Locally produced LBP is an essential component of an effective innate immune response to E. coli peritonitis.
Acute bacterial peritonitis is a life-threatening condition characterized by the presence of bacteria in the otherwise germfree peritoneal cavity and almost invariably is caused by perforation of the intestines. Consequently, the most commonly encountered pathogens are enteric gram-negative bacteria, and Escherichia coli is found in up to 60% of cases (14) . Despite advances in surgery and antimicrobial therapy, the mortality rate of peritonitis ranges from 30 to 50%. In sepsis that originates from peritonitis the mortality rate can be as high as 80% (9) . The acute course of peritonitis makes instant initiation of host defense mechanisms mandatory.
The innate immune system enables the host to mount an immediate response to invading pathogens (17) . Hence, the innate immune system is the central element of host defense in peritonitis. To recognize the presence of pathogens, innate immune cells express receptors that identify highly conserved pathogen-associated molecular structures (16) . Lipopolysaccharide (LPS) is the major constituent of the outer cell wall of gram-negative bacteria and is the principal mediator of inflammatory responses to these pathogens. CD14, Toll-like receptor 4 (TLR4), and MD-2 make up the LPS receptor complex involved in the cellular recognition of and signaling by LPS (6, 10, 19, 25) . The earliest events after LPS release require the transfer of LPS to immune cells. Spontaneous diffusion of LPS to cellular binding sites is very slow as a result of the amphiphile structure of LPS and its tendency to form aggregates in aqueous solution. LPS binding protein (LBP) greatly enhances the transfer of LPS from aggregates to the CD14-TLR4 receptor complex (23, 25) . As a lipid transfer protein, LBP recognizes and binds the lipid A portion of LPS and augments the immune response to LPS up to 1,000-fold (15, 22, 26) . LBP is an acute-phase protein that is synthesized principally in hepatocytes, and its production is greatly increased by stimulation with interleukin-1␤ (IL-1␤) or IL-6 (20) . Consequently, elevated LBP serum levels have been described for severe sepsis (2) .
The biological significance of LBP was established when LBP gene-deficient (LBP Ϫ/Ϫ ) mice were shown to be resistant to LPS toxicity and highly susceptible to Salmonella enterica serovar Typhimurium peritonitis (5, 11) . Similar observations for Salmonella peritonitis were made with mice lacking CD14 or TLR4, emphasizing the importance of these three components of the LPS recognition machinery in this gram-negative infection (1) . However, although these reports provided valuable information, an animal model having little clinical importance was used in the studies since Salmonella infections are food borne and almost never cause peritonitis. Attempts to investigate the in vivo contribution of LBP in a clinically relevant oral Salmonella infection did not reveal an important role for LBP (5) . In addition, as an intracellular pathogen Salmonella relies on different host defense mechanisms than the extracellular pathogen E. coli relies on, which is shown by the fact that CD14 Ϫ/Ϫ mice are protected against lethal effects in E. coli peritonitis but succumb to Salmonella peritonitis (1, 6) . According to previous reports, CD14 deficiency was associated with an impaired polymorphonuclear leukocyte (PMN) influx in Salmonella peritonitis, whereas intense and early recruitment of PMNs protected mice in E. coli peritonitis (7, 27) .
Our knowledge of the contribution of LBP to host defense against E. coli infection in general and against E. coli peritonitis in particular is very limited. Fierer et al. reported that there was no difference in survival between LBP Ϫ/Ϫ and wildtype mice after intraperitoneal (i.p.) injection of high doses of E. coli, but they did not show the actual data; the influence of LBP deficiency on local and systemic host responses was not reported by these authors (5). Le Roy et al. did not observe an effect on bacterial loads or cytokine release in mice treated with a blocking anti-LBP monoclonal antibody and intravenously challenged with either a high or low dose of E. coli (13) . Nonetheless, there is evidence that LBP does play a role in E. coli peritonitis. Indeed, administration of high doses of exogenous LBP (100 g) protected mice from lethality during E. coli peritonitis due to a proposed anti-inflammatory mechanism (12) . In the present study we sought to determine the role of endogenously produced LBP in the early local and systemic host responses to abdominal sepsis caused by E. coli by using LBP Ϫ/Ϫ mice.
according to the manufacturer's instructions; the detection limit was 0.4 ng/ml. Cytokines and chemokines (TNF-␣, IL-6, cytokine-induced neutrophil chemoattractant [KC] , and macrophage inflammatory protein 2 [MIP-2]) were measured by using specific enzyme-linked immunosorbent assays (R&D Systems, Minneapolis, Minn.) according to the manufacturer's instructions. The detection limits were 31 pg/ml for TNF-␣, 16 pg/ml for IL-6, 12 pg/ml for KC, and 94 pg/ml for MIP-2. Alanine aminotransferase (ALAT) and creatinine activities were determined with commercially available kits (Sigma, St. Louis, Mo.) by using a Hitachi analyzer (Boehringer, Mannheim, Germany) according to the manufacturer's instructions. Histology. Lungs and livers for histology were harvested 4 or 16 h after infection, fixed in 4% formalin, and embedded in paraffin. Four-micrometer sections were stained with hematoxylin and eosin and analyzed by a pathologist who was blinded for groups. To score lung inflammation and damage, each entire left lung was screened for the following parameters: interstitial inflammation, intra-alveolar inflammation, edema, endothelialitis, bronchitis, pleuritis, and thrombus formation. To score liver injury, the following parameters were analyzed: formation of thrombi, hepatocellular necrosis, portal inflammation, and endothelialitis. Each parameter was graded on a scale from 0 to 3, as follows: 0, absent; 1, mild; 2, moderate; and 3, severe. The total injury score was expressed as the sum of the scores for all parameters; the maximum values were 21 for a lung and 12 for a liver.
Statistical analysis. Differences between groups were calculated by using the Mann-Whitney U test. For survival analysis, a Kaplan-Meier analysis followed by a log rank test was performed. Values were expressed as means Ϯ standard errors of the means. A P value of Ͻ0.05 was considered statistically significant.
RESULTS

LBP is detectable in PLF.
To investigate whether constitutively produced LBP is detectable in the peritoneal fluid of healthy uninfected mice and whether peritonitis induces local and systemic increases in the level of this protein, we measured LBP concentrations in PLF and plasma. In PLF, low levels of LBP were found in uninfected mice, and the levels increased 5-fold (4 h) and Ͼ30-fold (16 h) after induction of E. coli peritonitis ( Table 1 ). The plasma LBP concentrations remained unaltered 4 h after induction of E. coli peritonitis and were modestly higher after 16 h compared to the levels in uninfected mice (Table 1) . LBP was not detectable in PLF or plasma of LBP Ϫ/Ϫ mice. Hence, the peritoneal LBP concentrations increased earlier than the plasma LBP concentrations during E. coli peritonitis and the increases were more pronounced.
LBP is essential for responsiveness of peritoneal macrophages to heat-killed E. coli in vitro. To obtain insight into the requirement for LBP in the peritoneal host response to E. coli, we determined the responsiveness of peritoneal macrophages to heat-killed bacteria. Freshly isolated peritoneal macro- phages from wild-type mice, incubated under serum-free conditions, released smaller amounts of TNF-␣ upon stimulation with heat-killed E. coli than wild-type peritoneal macrophages supplemented with FCS (as a source of LBP) (P Ͻ 0.05) (Fig.  1 ). To ensure that these results were related to LBP and not to other proteins present in FCS, we repeated the experiments using whole blood derived from wild-type and LBP Ϫ/Ϫ mice stimulated in their own serum. The E. coli-induced release of TNF-␣ was diminished in blood from LBP Ϫ/Ϫ mice (P Ͻ 0.05) (Fig. 1) . Hence, the responsiveness to E. coli depended on the presence of LBP.
Absence of LBP makes mice more susceptible to E. coli peritonitis. To study the contribution of endogenous LBP to the outcome of peritonitis in vivo, wild-type and LBP Ϫ/Ϫ mice (nine mice per strain) were inoculated with 2 ϫ 10 4 CFU of E. coli i.p. and monitored for 5 days (Fig. 2) . LBP Ϫ/Ϫ mice died earlier than their wild-type counterparts. Indeed, all LBP Ϫ/Ϫ mice succumbed to the bacterial challenge within 30 h, a time at which all of the wild-type mice were still alive. The last wild-type mouse died as late as 44 h after inoculation (P Ͻ 0.0001 for a comparison of LBP Ϫ/Ϫ and wild-type mice). Thus, the lack of LBP made mice more susceptible to peritoneal infection with E. coli.
LBP is important for preventing early bacterial dissemination. To investigate how LBP contributes to the host defense in acute peritonitis, we determined the numbers of bacteria in the PLF, liver, and blood 4 and 16 h after i.p. infection with E. coli. By 4 h after induction of peritonitis significantly higher numbers of bacteria were obtained from blood samples from LBP Ϫ/Ϫ mice than from blood samples from wild-type animals (3.2 ϫ 10 4 Ϯ 0.7 ϫ 10 4 CFU/ml for wild-type mice and 11.2 ϫ 10 4 Ϯ 2.3 ϫ 10 4 CFU/ml for LBP Ϫ/Ϫ mice; P ϭ 0.007) (Fig. 3 ). The numbers of CFU for both the PLF and liver samples did not differ for the two strains at this early time point (Fig. 3) . Sixteen hours after induction of peritonitis considerably higher bacterial burdens were found in the PLF, liver, and (analogous to the findings obtained after 4 h) blood samples from the LBP Ϫ/Ϫ animals. For the PLF samples the levels were 2.2 ϫ 10 8 Ϯ 0.3 ϫ 10 8 and 13.7 ϫ 10 8 Ϯ 3.7 ϫ 10 8 CFU/ml for the wild-type and LBP Ϫ/Ϫ mice, respectively (P ϭ 0.0002); for the liver samples the levels were 0.9 ϫ 10 8 Ϯ 0.2 ϫ 10 8 and 7.4 ϫ 10 8 Ϯ 3.3 ϫ 10 8 CFU/ml, respectively (P Ͻ 0.0001); and for the blood samples the levels were 0.4 ϫ 10 8 Ϯ 0.1 ϫ 10 8 and 3.6 ϫ 10 8 Ϯ 1.4 ϫ 10 8 CFU/ml, respectively (P ϭ 0.006) (Fig. 3) . Therefore, LBP contributes to the host's capacity to control early bacterial dissemination and local peritoneal bacterial clearance.
LBP deficiency is associated with impaired PMN influx. Having shown that LBP contributes to containment of the infection within the peritoneal cavity, we next asked which factors might be involved in the early spread of E. coli. Given that PMN influx to the site of infection is a hallmark of the innate immune response, we determined leukocyte counts in the PLF. Four hours after the induction of peritonitis, the PMN influx was found to be moderately diminished in LBP Ϫ/Ϫ mice compared with the influx in wild-type mice (P Ͻ 0.05) ( Table 2 ). The difference became even more evident at later times, when a remarkably reduced number of PMNs was observed in LBP Ϫ/Ϫ animals (P Ͻ 0.0005 for a comparison with the wild type) ( Table 2) .
LBP is important for appropriate early cytokine-chemokine responses. The factors that account for PMN attraction to the site of infection involve cytokines and chemokines produced by both macrophages and PMNs. To investigate which mediators are influenced by the absence of LBP, we measured the levels of IL-6, TNF-␣, KC, and MIP-2, all of which are factors that are known to play important roles in host defense against peritonitis. In accordance with impaired PMN attraction, the peritoneal KC and MIP-2 concentrations were markedly reduced in LBP Ϫ/Ϫ mice 4 h after induction of peritonitis (Fig.  4A) . Likewise, the IL-6 levels in peritoneal fluid were lower in LBP Ϫ/Ϫ animals (Fig. 4A) . The levels of these mediators were not different for the two mouse strains 16 h after induction of peritonitis (data not shown). The peritoneal concentrations of
FIG. 2. Accelerated mortality in LBP
Ϫ/Ϫ mice. Survival was monitored in wild-type (wt) and LBP Ϫ/Ϫ mice (nine mice per strain) after i.p. infection with 2 ϫ 10 4 CFU of E. coli. The P value is the value for the difference between survival data as determined by the log rank test.
FIG. 1. Cellular responsiveness to E. coli depends on LBP.
Peritoneal macrophages from wild-type mice (wt) were stimulated in the presence or absence of 10% FCS with heat-killed E. coli O18:K1 (1 ϫ 10 8 CFU/ml) for 16 h. Blood was collected from wild-type and LBP Ϫ/Ϫ mice (n ϭ 8) and stimulated for 16 h. The bars indicate means, and the error bars indicate standard errors of the means. An asterisk indicates that the P value is Ͻ0.05 for a comparison with the wild type (whole blood) or with the wild type supplemented with FCS (peritoneal macrophages).
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on October 1, 2017 by guest http://iai.asm.org/ TNF-␣, which was undetectable 4 h postinfection, were significantly higher in LBP Ϫ/Ϫ mice after 16 h, which probably reflected the severe systemic infection that mice suffered from by then (116 Ϯ 22.1 pg/ml in wild-type mice and 254 Ϯ 44.8 pg/ml in LBP Ϫ/Ϫ mice; P Ͻ 0.05). As a measure of the early systemic inflammatory response, the TNF-␣ and IL-6 concentrations in plasma were determined 4 h after induction of peritonitis and were found to be strongly decreased in LBP Ϫ/Ϫ animals ( Fig. 4B ).
More severe multiple organ failure in LBP
؊/؊ mice. In line with the finding that there was earlier and increased bacterial dissemination in LBP Ϫ/Ϫ mice, these mice displayed more severe remote organ damage, as assessed by histology and clinical chemistry. The number of thrombi, the extent of hepatocellular necrosis, and the portal inflammation in the liver, as well as the degree of inflammation in the lungs, were greater in LBP Ϫ/Ϫ mice than in wild-type mice; the inflammation scores determined as described in Materials and Methods were 3.5 Ϯ 0.5 for wild-type mice and 7.5 Ϯ 0.7 for LBP Ϫ/Ϫ mice for liver samples (P ϭ 0.002) and 5.0 Ϯ 0.5 for wild-type mice and 6.8 Ϯ 0.5 for LBP Ϫ/Ϫ mice for lung samples (P Ͻ 0.05) (Fig. 5 ). Multiple organ failure is a serious complication of severe sepsis. To investigate whether septic peritonitis was associated with multiple organ failure, we measured biochemical parameters for liver injury (ALAT) and kidney failure (creatinine) 16 h after i.p. infection with E. coli. Higher elevations of ALAT and creatinine were detected in LBP Ϫ/Ϫ animals, indicating that there was more severe organ damage in these mice than in the wild-type mice (P Ͻ 0.05) (Fig. 6) .
DISCUSSION
Peritonitis is a life-threatening condition that is frequently associated with systemic dissemination of bacteria and septic shock. Host defense in peritonitis is a classical domain of the innate immune system as a rapid response to invading pathogens is essential for the host to survive. In this study we showed that LBP is a crucial component in the early phase of host defense against E. coli peritonitis. We found that endogenous LBP is essential for the clearance of E. coli, presumably via LBP's contribution to the early initiation of the inflammatory response, such as the production of cytokines and chemokines and the (subsequent) attraction of PMNs to the peritoneal cavity. The delayed inflammatory response in the absence of LBP led to more severe signs of systemic infection, including multiple organ failure and accelerated mortality.
Low levels of LBP were readily detected in peritoneal fluid of uninfected wild-type mice, which established the local presence of LBP within the peritoneal cavity. i.p. infection with E. coli induced a faster increase in peritoneal LBP concentrations than in plasma LBP concentrations. We hypothesized that the local, endogenous LBP might have biological functions in peritoneal host defense and found that there was an association with the initiation of the inflammatory response to E. coli. Lamping et al. determined that there was a protective, antiinflammatory role for an exogenously administered high dose of LBP (100 g) in D-galactosamine-sensitized mice inoculated with LPS and in E. coli peritonitis by showing that the mortality rates in these mice were reduced (12) . Since a high dose of LBP was associated with reduced serum IL-6 and TNF-␣ levels upon injection of LPS, these authors postulated that high concentrations of LBP provide protection by diminishing LPS toxicity. However, it is questionable whether such high LBP concentrations are ever reached under physiological conditions. Moreover, the beneficial mechanism of administration of a high dose of LBP in E. coli peritonitis was not investigated. In the present study we found that physiological LBP levels on October 1, 2017 by guest http://iai.asm.org/ had advantageous effects in E. coli peritonitis and attributed this to LBP's contribution to an effective proinflammatory host response. We believe that our model adequately reflects the biological situation found at the onset of peritonitis. High, acute-phase LBP levels occur later, when IL-1-and IL-6-induced LBP synthesis has been initiated, and usually peak after 24 h. It is tempting to speculate that low concentrations of LBP are essential for the initiation of an inflammatory response, whereas higher LBP concentrations represent an important anti-inflammatory mechanism to ameliorate the overwhelming inflammation seen at later times during septic peritonitis. Focusing on initial events following i.p. infection with E. coli, we observed that LBP Ϫ/Ϫ mice were less able to clear bacteria from the site of infection and that there was earlier and more pronounced systemic dissemination. To determine how LBP is related to the antimicrobial host defense in E. coli peritonitis, we first investigated the cellular influx into the peritoneal cavity, and we found markedly reduced numbers of infiltrating PMNs in LBP Ϫ/Ϫ mice. It has been shown that in peritonitis bacterial clearance depends on the attraction of PMNs to the site of infection and that the CXC chemokines KC and MIP-2 are major contributors to PMN recruitment (5, 7, 24) . Accordingly, we found significantly lower KC and MIP-2 concentrations in the PLF of mice lacking LBP, which might explain the inadequately low number of PMNs in LBP Ϫ/Ϫ mice infected with E. coli. In line with our findings, Fierer et al. observed a similar reduction in peritoneal CXC chemokines and a decreased PMN influx in LBP Ϫ/Ϫ mice 3 h after i.p. infection with Salmonella (5). Since i.p. administration of casein or the grampositive pathogen Staphylococcus aureus induced comparable chemokine releases and PMN influxes in wild-type and LBP Ϫ/Ϫ mice, it is likely that the lack of LBP specifically impairs the gram-negative bacterium-or LPS-induced release of chemokines and subsequent PMN attraction.
During Salmonella peritonitis TNF-␣ is another factor that contributes to the attraction of PMNs to the peritoneal cavity, and LBP Ϫ/Ϫ mice could be rescued from Salmonella-induced lethality by exogenously administered TNF-␣ (8, 27) . Similarly, in the absence of LBP, we found that peritoneal macrophages and whole blood had a reduced capacity to release TNF-␣ upon stimulation with E. coli in vitro. Moreover, plasma TNF-␣ concentrations were substantially lower in LBP Ϫ/Ϫ mice after induction of peritonitis in vivo. These observations add to the notion that LBP contributes considerably to an effective early inflammatory response during E. coli peritonitis.
Our finding that LBP promotes acute inflammation in E. coli peritonitis matches results of studies of Salmonella peritonitis (5, 8, 11) . Although it remains to be determined exactly how PMNs contribute to host defense against Salmonella, an intracellular pathogen, these cells seem to play a role in the Salmonella peritonitis model, with LBP as an important effector molecule. However, previous studies of E. coli peritonitis did not reveal a vital role for LBP (5, 13) . Differences in the E. coli strain used may have had an effect. Whereas most investigators used E. coli O111:B4, we used a more virulent, encapsulated E. coli O18:K1 strain. Differences in host responses to these two strains have been reported previously. Although the peritoneal PMN influx depended on LBP when mice were challenged with heat-killed E. coli O111:B4, protection against lethality by LBP could not be demonstrated after intravenous or i.p. administration of live E. coli O111:B4 in vivo (5, 13) . In addition, anti-CD14 antibodies did not impair the outcome in E. coli O111:B4-infected mice but decreased bacterial clearance in E. coli O18:K1-challenged rabbits (13, 18) . Moreover, C3H/HeJ mice, which are not responsive to LPS due to a point mutation in the tlr4 gene, are highly susceptible to E. coli O18:K1 infection but not to E. coli O111:B4 infection (4, 7). Pretreatment with murine TNF-␣ and IL-1 led to restored bacterial killing and could rescue E. coli O18:K1-treated C3H/HeJ mice from lethality (3, 4) . Together with the present observations, these data imply that there are different host response mechanisms for these two E. coli strains. The strong dependence of E. coli O18:K1 on LBP, CD14, and TLR4 seems to rely on the greater need for additional stimuli, like TNF-␣ or IL-1, in order to enable phagocytes to kill bacteria. Accordingly, we observed impaired bacterial clearance and attenuated TNF-␣ production in LBP Ϫ/Ϫ mice. Host defense in peritonitis is a delicate balance between proinflammatory pathways intended to eliminate bacteria and anti-inflammatory pathways intended to prevent systemic inflammation (21) . Any imbalance in pro-or anti-inflammatory on October 1, 2017 by guest http://iai.asm.org/ mediators might prove to be harmful. In the present study, the inadequate onset of inflammation in LBP Ϫ/Ϫ mice led to early systemic dissemination and increased bacterial outgrowth, which in turn instigated systemic inflammation and multiple organ failure. We therefore concluded that LBP is indispensable for the innate immune response in E. coli O18:K1 peritonitis and that its presence at physiological levels is mandatory for adequate initiation of host response mechanisms.
